Background-Heart failure with preserved ejection fraction (HFpEF) is associated with substantial morbidity and mortality.
H eart failure with preserved ejection fraction (HFpEF) is common among the elderly, increasing in prevalence, and causes substantial morbidity, mortality, and resource utilization.
1,2 The 3 large randomized controlled trials to date have failed to identify specific therapy to improve prognosis. [3] [4] [5] Although left ventricular (LV) diastolic dysfunction with associated concentric remodeling is thought to be the primary cardiac perturbation underlying this heterogeneous syndrome, findings from previous HFpEF clinical trials and epidemiological studies suggest a more diverse cardiac phenotype. 6 In particular, previous epidemiological and clinical trial imaging studies have demonstrated normal LV geometry in 30% to 45% of patients. 7, 8 Traditional noninvasive measures of diastolic function are normal in approximately one third of HFpEF patients enrolled in clinical trials, 7, 9 whereas diastolic dysfunction is frequently detected in older persons without heart failure. designed to determine whether treatment with spironolactone would reduce morbidity and mortality in patients with HFpEF. 11 Assessment of cardiac structure and function by echocardiography at baseline was prespecified in a subset of participants, with a smaller portion undergoing additional assessment at 12 to 18 months after randomization to either spironolactone or placebo. In this analysis, we aimed to characterize the cardiac phenotype in HFpEF patients in the TOPCAT trial. We describe baseline cardiac structure and function in this HFpEF population and compare it with other HFpEF clinical trials and epidemiological studies. These findings deepen our understanding of the TOPCAT trial population and expand our knowledge of the diversity of the cardiac phenotype in HFpEF.
Methods

Patient Population
TOPCAT is a multicenter, international, randomized, double-blind, placebo-controlled trial testing the efficacy and safety of the aldosterone antagonist, spironolactone, to reduce cardiovascular morbidity and mortality in adults with signs and symptoms of heart failure and a LV ejection fraction (LVEF) ≥45% as previously described in detail. 11 Briefly, TOPCAT enrolled 3445 patients at 270 sites in 6 countries, who met the following key inclusion criteria: (1) age ≥50 years old; (2) heart failure defined by the presence of ≥1 symptom at the time of screening and 1 sign in the previous 12 months; (3) LVEF ≥45% per local reading and obtained within 6 months before randomization and ≥6 months after myocardial infarction or other event that would affect LVEF; (4) controlled systolic blood pressure defined as systolic blood pressure <140 mm Hg or 140 to 160 mm Hg if on ≥3 antihypertensive medications; and (5) assignment to 1 of 2 strata within which subjects were randomized: either ≥1 hospitalization in the previous 12 months for which heart failure was a major component of hospitalization, or B-type natriuretic peptide (BNP) in the previous 60 days ≥100 pg/mL or N-terminal pro-BNP (NT-proBNP) ≥360 pg/mL. This study was approved by an institutional review committee at each participating site. All patients provided written informed consent. Key exclusion criteria included chronic pulmonary disease requiring home O 2 or oral steroid therapy, infiltrative or hypertrophic obstructive cardiomyopathy, hemodynamically significant uncorrected obstructive or regurgitant valvular heart disease or any valvular disease expected to lead to surgery during the trial, atrial fibrillation with a resting heart rate >90 beats per minute, myocardial infarction or coronary artery bypass surgery in past 3 months, percutaneous coronary intervention in the past 30 days, and severe renal dysfunction defined as an estimated glomerular filtration rate <30 mL/min or serum creatinine ≥2.5 mg/dL.
Baseline demographics and clinical characteristics of the trial population have been previously described in detail. 12 For quality control purposes, each enrolling site was required to submit echocardiograms from at least the first 2 randomized patients for quantification of LVEF by the echocardiographic core laboratory at the Brigham and Women's Hospital. Studies were performed within 6 months of randomization and were not obtained using a uniform prespecified acquisition protocol. Consent for review of these echocardiograms was obtained in the main study consent form. At 27 sites, patients consenting to participation in the overall TOPCAT trial were separately consented to participate in the echocardiographic substudy. For participating sites, echocardiography was performed by a study-specific protocol at baseline and 12 to 18 months after randomization. From a combined total of 1017 baseline studies received from 204 sites, 935 studies were suitable for quantitative analysis and included in this report (Figure 1 ).
Echocardiographic Methods
Echocardiograms were sent in digital or analog format to the echocardiographic core laboratory at the Brigham and Women's Hospital. Echocardiograms from videotape were digitized, and analyses were performed on an offline analysis workstation. Quantitative measures on all study echocardiograms were performed by dedicated analysts at the core laboratory, blinded to clinical information and randomized treatment assignment.
LV endocardial borders were manually traced at end-diastole and end-systole in the apical 4-and 2-chamber views and LV volumes derived according to the modified biplane Simpson rule. In cases where the Simpson method could not be used because of missing or poor quality apical views, LVEF was calculated using the Teicholz method. 13 To minimize measurement variability and given the low prevalence of regional wall motion abnormalities, LV mass was calculated by the American Society of Echocardiography (ASE) recommended formula for estimation of LV mass from LV linear dimensions and indexed to body surface area.
14 LV hypertrophy (LVH) was defined as LV mass indexed to body surface area (LV mass index) >115 g/m 2 in men or >95 g/m 2 in women. LV geometry was classified based on relative wall thickness (RWT), defined as (2*diastolic posterior wall thickness)/LV end-diastolic dimension, and LV mass index as recommended by the ASE: normal-RWT ≤0.42 and no LVH; eccentric hypertrophy-RWT ≤0.42 and LVH; concentric remodeling-RWT >0.42 and no LVH; concentric hypertrophy-RWT >0.42 and LVH. Mitral regurgitation (MR) was categorized by tracing the MR jet area (obtained with color Doppler imaging) occupying the left atrium (LA) in 4-and 2-chamber views and was expressed as a proportion of LA area. The presence of an eccentric jet raised the grade of MR by 1 degree. 15 LA volume was assessed by the biplane area-length method from apical 2-and 4-chamber views at end-systole from the frame preceding mitral valve opening and was indexed to body surface area (LA volume index, LAVi). LA enlargement was determined based on LA area, volume, and volume index based on guideline recommendations.
14 Peak early diastolic tissue velocity (E′) was measured from the septal and lateral aspects of the mitral annulus. Mitral inflow velocity was assessed by pulsed wave Doppler from the apical 4-chamber view, by positioning the sample volume at the tip of the mitral leaflets. The deceleration time of the E-wave was measured as the interval from the peak E-wave to its extrapolation to the baseline. E/E′ ratio was calculated as E-wave divided by E′. Diastolic dysfunction grade was derived from mitral inflow E/A ratio, tissue Doppler E′, and deceleration time. 16 Diastolic dysfunction was graded as follows: mild-reduced E′ (septal <8 cm/s or lateral <10 cm/s) and E/A ratio ≤0.8; moderate-reduced E′ and E/A ratio of 0.8 to 1.5; severe-reduced E′ and E/A ratio >1.5 or E-wave deceleration time <160 ms. Diastolic dysfunction was only graded among participants in sinus rhythm at the time of echocardiography. Because of the limited feasibility of obtaining reliable pulmonary venous flow data, pulmonary venous Doppler pattern was not measured. Right ventricular (RV) function, expressed as the RV fractional area change (RV FAC), was assessed as the percent change in cavity area from end-diastole to end-systole in accordance with ASE guidelines. 17 Peak tricuspid regurgitation (TR) velocity was measured and peak RV-to-RA systolic gradient was calculated as 4×peak TR velocity. 2 Pulmonary vascular resistance (PVR) was estimated as 0.1618+(10.006*[peak TR velocity/ right ventricular outflow time-velocity integral]). 18 An experienced echocardiographer (A.M.S.) over-read all quantitative measures and qualitatively assessed each study for the presence of regional wall motion abnormalities, in addition to the presence and severity of aortic insufficiency, mitral stenosis, TR, and RV enlargement. Aortic insufficiency grade was assessed primarily based on the width of the color Doppler jet at the level of the aortic valve in the parasternal long and short axis views, in addition to the percent of the LV outflow tract diameter occupied by the aortic regurgitation color Doppler signal in the parasternal long axis view. 19 Mitral stenosis assessment was based on the mean antegrade transmitral gradient from continuous wave Doppler, with mild defined as a mean gradient <5 mm Hg, moderate as 5 to 10 mm Hg, and severe as >10 mm Hg. TR severity was based primarily on the size of the regurgitant color Doppler signal relative to the right atrial size. Evaluations were performed only on images with color Doppler Nyquist limit ≥50 cm/s.
Three hundred five of 308 (99%) substudy echocardiograms and 630 of 704 (89%) quality assurance echocardiograms could be analyzed quantitatively (Figure 1 Each measure was performed by the same analyst for all study participants. Intraobserver variability in our laboratory, performed in 60 studies, was as follows: wall thickness: coefficient of variation 12%, bias 0.02±0.1 cm; LV end-diastolic volume: coefficient of variation 12%, bias 1.6±10.5 mL; LV end-systolic volume: coefficient of variation 18%, bias 2.6±5.9 mL; LVEF: coefficient of variation 6.6%, bias 2.0±4.3%; tissue Doppler imaging E′: coefficient of variation 7.0%, bias 0.1±0.4 cm/s; E/E′ ratio: coefficient of variation 11%, bias 0.2±1.2.
Statistical Analysis
Continuous variables are presented as mean and SDs or median and interquartile range as specified. Comparison of baseline clinical measures between TOPCAT patients included (n=935) and not included (n=2510) in the echocardiographic cohort, and comparison of cardiac structure and function based on TOPCAT entry criteria, was performed using a Fisher exact test for categorical variables and a t-test or Wilcoxon rank-sum test for continuous variables as specified. Two-sided P values of <0.05 were considered significant. All analyses were performed using SAS version 9.2 and Stata version 11.
Results
The average age of the 935 TOPCAT patients in the pooled echocardiographic analysis was 70±10 years, 49% were women, 14% were of African descent, and 11% were Hispanic. Comorbidities included hypertension (91%), coronary artery disease (57%), atrial fibrillation (38%), diabetes mellitus (40%), and chronic kidney disease (CKD; 42%). The majority of patients were receiving therapy with β-blockers (81%), inhibitors of the renin-angiotensin system (ACE inhibitors or angiotensin receptor blockers; 81%), and diuretics (83%). Compared with TOPCAT patients not in the pooled echocardiographic analysis, patients participating in the echocardiographic cohort were older, more frequently of African descent, had a higher BMI, and had a higher prevalence of comorbidities, including diabetes mellitus, CKD, previous coronary revascularization, atrial fibrillation, and chronic obstructive pulmonary disease or asthma (Table 1) . Patients in the echocardiographic cohort were also more frequently enrolled in the United States (52%). Compared with patients in the echocardiographic cohort without missing echocardiographic data, participants with missing data were more frequently men and white, had a lower prevalence of CKD and previous percutaneous coronary intervention, and had higher diastolic blood pressure, estimated glomerular filtration rate, and hematocrit.
LV Structure and Systolic Function
Consistent with trial inclusion criteria, the mean LVEF was 59.3±7.9%, with core laboratory LVEF <50% in only 13% and an LVEF <45% in 5% (Table 2) . Despite preserved ejection fraction, LV longitudinal shortening reflected in tissue Doppler imaging S′ was significantly reduced. The majority of patients demonstrated normal LV size but increased wall thickness. Elevated LV RWT was present in 78%, and concentric LVH was present in 44% of patients ( Figure 2A ). Eccentric hypertrophy was also found in 9% of participants and was associated with lower LVEF. Focal regional wall motion abnormalities, suggestive of previous myocardial infarction, were noted in 7% of participants (n=70).
LV Diastolic Function
LA size was enlarged in 53% of patients ( Figure 2B) , with moderate or severe LA enlargement noted in 34% of participants. Including LA anterior-posterior dimension >4.0 cm as an additional criterion, the prevalence of LA enlargement increased to 80%. Only 7% of patients demonstrated normal LV and LA structure. Both lateral and septal tissue Doppler imaging E′ were impaired in the majority of patients. Elevated LV filling pressure, defined by a septal E/E′ ≥15 or lateral E/E′ ≥12, was present in 51% and was associated with a higher prevalence of LA enlargement (62% with elevated E/E′ ratio versus 52% without; P=0.03). Diastolic grade could not be determined in 445 participants, because of atrial fibrillation in 25%, no tissue Doppler measures in 72%, and, additionally, no mitral inflow Doppler E-wave in 3%. Among the 52% of patients in whom diastolic dysfunction grade could be determined, diastolic dysfunction was present in 66%, with moderate or severe dysfunction in 44% (Figure 2C ). Worse diastolic dysfunction grade was significantly associated with higher prevalence of LVH (P=0.02), both concentric and eccentric.
Pulmonary Vasculature and the Right Ventricle
Among patients with measurable TR jet (n=450), the peak velocity was elevated to >2.9 m/s in 36%. Among the 162 of these participants with a jet velocity >2.9 m/s, the mean TR velocity was 3.28±0.33 m/s. TR jet was ≥3.5 m/s in 37 (8%) and ≥4.0 m/s in 8 (2%). TR jet velocity was significantly related to the E/E′ ratio (septal: r=0.29; P<0.0001; lateral: r=0.23; P<0.0001). In the subset of 324 patients in whom PVR could be estimated echocardiographically, PVR exceeded 2.5 Wood units in 11%. RV FAC was within reference limits in the majority of participants (median, 0.49, Q1-Q3, 0.44 -0.54). RV FAC was <0.45 in 31% of patients, <0.40 in 11%, and <0.35 (abnormal cut-off per ASE guidelines) in 4%. Some degree of RV enlargement was noted in 11% of patients and was moderate or severe in 5%. 
Impact of Trial Entry Criteria on Cardiac Structure and Function
Entry into TOPCAT required either hospitalization within the previous 12 months for which heart failure was a major component or BNP ≥100 pg/mL or NT-proBNP ≥360 pg/ mL within the previous 60 days. Patients qualifying only by biomarker criteria (33%) tended to be older; had a higher prevalence of atrial fibrillation, CKD, and previous coronary revascularization; and were more likely to be enrolled in the United States or Canada. Despite these differences, LV structure differed modestly between groups. Participants with a heart failure hospitalization within the previous 12 months demonstrated slightly higher wall thickness (Table 3) . Echocardiographic markers of elevated LV filling pressure, namely LAVi and E/A ratio, were higher among participants enrolled solely based on biomarker criteria. These differences in LAVi and E/A ratio remained significant after adjusting for age and history of atrial fibrillation. Participants enrolled based on biomarker criteria also demonstrated lower systolic longitudinal velocity despite similar LVEF.
Discussion
Among 935 patients enrolled in TOPCAT, we found a high prevalence of structural heart disease, including concentric LV remodeling, concentric hypertrophy, and LA enlargement. Only 7% of participants demonstrated normal LV geometry and normal LA size. Over one third of patients with measurable TR jet velocity demonstrated evidence of pulmonary hypertension. Each of these echocardiographic characteristics has been associated with an increased risk of adverse outcomes in HFpEF. 7, 20 Doppler-based diastolic function grade, which has only inconsistently been associated with outcomes in HFpEF, 7, 9 was normal in one third of evaluable participants. These findings enhance our understanding of the HFpEF population tested in TOPCAT and suggest that they may represent a particularly high-risk group within the HFpEF syndrome.
We noted a higher prevalence of LVH, increased LV wall thickness, and higher mass index in TOPCAT compared with epidemiological cohorts (Table 4) . 8, [21] [22] [23] [24] [25] [26] [27] A notable exception is blacks with HFpEF from the Jackson (Mississippi) site of the National Heart, Lung, and Blood Institute's Atherosclerosis Risk in Communities (ARIC) study, who demonstrated an even higher prevalence of LVH than seen in this cohort. 24 In general, the pattern of ventricular remodeling noted in TOPCAT more closely approximated that from a large HFpEF registry.
Compared with data from the echocardiographic substudy of the Irbesartan for Heart Failure with Preserved Ejection Fraction (I-PRESERVE) trial, which is the most comparable in size and comprehensiveness, LV size was similar although wall thickness tended to be greater in TOPCAT, 7 resulting in a higher prevalence of concentric remodeling and concentric hypertrophy. The reason for this difference is unclear, as the prevalence of major comorbidities, including hypertension, diabetes mellitus, and coronary disease, was similar between studies. The average estimated glomerular filtration rate was modestly lower in TOPCAT. In addition, blacks seem to develop greater degrees of concentric LV remodeling 28 and LVH 29 for a set degree of hypertension and demonstrate greater hypertrophy in HFpEF. 24 One potential contributor to the higher LV mass index and concentricity noted in TOPCAT might be the greater representation of blacks (14%) compared with I-PRESERVE (2%). Greater variability in ventricular structure exists when looking more broadly at HFpEF clinical trials (Table 5) , 4 ,7,9,30-32 with appreciably larger LV size observed in the CHARM Echocardiographic A-wave indicates peak late diastolic transmitral flow velocity; E-wave, peak early diastolic tissue velocity; E′ lateral, peak early diastolic mitral annular tissue velocity at lateral mitral annulus; E′ septal, peak early diastolic mitral annular tissue velocity at septal mitral annulus; F, female; LAVi, left atrial volume indexed to BSA; LVEDD, left ventricular (LV) end-diastolic dimension; LVEDVi, LV end-diastolic volume indexed to BSA; LVEF, LV ejection fraction; LVESD, LV end-systolic dimension; LVESVi, LV end-systolic volume indexed to BSA; M, male; PVR, pulmonary vascular resistance; RA, right atrial; RV FAC, right ventricular (RV) fractional area change; S′ lateral, peak systolic mitral annular tissue velocity at the lateral mitral annulus; S′ septal, peak systolic mitral annular tissue velocity at the septal mitral annulus; TDI, tissue Doppler imaging; and TR, tricuspid regurgitation. January 2014 Substudy (CHARMES) and Prospective Comparison of ARNI with ARB on Management of Heart Failure with Preserved Ejection Fraction (PARAMOUNT) trials. 9, 30 Interestingly, we noted an eccentric pattern of hypertrophy in 9% of participants, consistent with findings from the PARAMOUNT trial (eccentric hypertrophy in 7%) and the Olmsted County epidemiological cohort (eccentric hypertrophy in 16%). 8 Although increased wall thickness-to-cavity ratio with diminished cavity size is the commonly expected pattern of remodeling in HFpEF, these findings suggest heterogeneity of the cardiac phenotype in the HFpEF syndrome.
Doppler-based measures of diastolic function were normal in approximately one third of our patients in sinus rhythm. Previous, relatively small, invasive hemodynamic studies in select highly phenotyped HFpEF patients demonstrated a high prevalence of diastolic dysfunction, characterized by both prolongation of early diastolic active relaxation and increase in LV passive stiffness. 33, 34 However, clinical trials likely include a broader and more diverse HFpEF population, and the prevalence of diastolic dysfunction in TOPCAT is nearly identical to findings from both the I-PRESERVE echocardiographic substudy and CHARMES. 7, 9 Importantly, limited normative data for diastolic measures exist in the elderly patients represented in TOPCAT and limit our confidence in defining abnormal in this cohort. In particular, for tissue Doppler relaxation velocities central to current grading schemes, even the largest studies to provide normal ranges for healthy community dwelling individuals without prevalent cardiovascular risk factors included only ≈100 subjects >70 years. 35, 36 LA enlargement, considered an integrator of LV diastolic function and dependent on LA filling pressure, was present in the majority of TOPCAT participants.
The characteristics of patients with HFpEF have varied depending on the cohort studied, due both to the inherent heterogeneity of the syndrome and the cohort-specific inclusion criteria. Within TOPCAT, we also observed echocardiographic differences based on study inclusion criteria, with more prominent markers of elevated filling pressure, including larger LAVi and higher E/A ratio, among participants enrolled on the basis of elevated BNP or NT-proBNP levels, as opposed to recent hospitalization with heart failure. These findings could help account for the greater degree of LA enlargement noted in clinical trials with a uniform entry requirement for an elevated NT-proBNP, such as PARAMOUNT and PhosphdiesteRasE-5 Inhibition to Improve Clinical Status and Exercise Capacity in Diastolic Heart Failure (RELAX). 30, 32 The previously noted distinctions between clinical trials and observational epidemiological studies may also reflect trial-specific inclusion and exclusion criteria and inclusion of a broader range of patients, possibly with more comorbidities, in the observational studies.
Concomitant pulmonary hypertension is a risk factor for adverse outcomes in HFpEF. 20 We found Doppler evidence of pulmonary hypertension in 36% of patients, likely consistent with findings from other HFpEF trials. 7, 30, 32 At least moderate pulmonary hypertension, defined as a peak TR velocity of ≥3.5 m/s, was present in 8%. Concordant with data from the Olmsted County cohort, estimated pulmonary artery systolic pressure was significantly associated with E/E′ ratio as an index of LV filling pressure. 20 Previous studies, however, have not assessed PVR in HFpEF. In the smaller subgroup of our participants in whom PVR could be estimated noninvasively, PVR was elevated in ≈11%. Relatively little is also known about RV performance in HFpEF. Gross RV dysfunction, based on the FAC, was uncommon. However, although guideline documents define abnormal RV FAC as <0. 35, 17 studies in heart failure with reduced EF have demonstrated the prognostic relevance of RV FAC <0.40, 37 which was present in 11% of participants. Limited data exists regarding the prevalence and prognostic implication of valvular disease in HFpEF. Most clinical trials and observational studies have excluded individuals with significant mitral or aortic valve disease from HFpEF studies. Of 619 HFpEF patients in the New York Heart Failure Registry, moderate-to-severe or greater degrees of MR was present in 10%. 25 Similarly, in the Northwestern HFpEF Registry, moderate MR was noted in ≈14% of patients. 27 Consistent with these findings, moderate or greater MR was noted in 12% of TOPCAT participants. Although hemodynamically significant valvular disease was an exclusion criterion, interobserver agreement for MR grading is known to be ≈83%, possibly explaining the discordance between site and core laboratory assessments in these cases. 38 Consistent with TOPCAT trial inclusion criteria, no cases of severe mitral stenosis, aortic regurgitation, or aortic stenosis were detected.
Several limitations of this analysis should be noted. Although centrally analyzed, a portion of the echocardiograms included in this analysis were clinical echocardiograms not obtained by a prespecified protocol and could have been performed within 6 months of randomization, which may introduce variability into measurements. Because of this, certain echocardiographic views or measures, particularly Doppler measures, were missing in a large proportion of patients. In addition, although the study protocol precluded intercurrent myocardial infarction, we cannot exclude that cardiac structure and function may have changed for other reasons during this period. Compared with TOPCAT participants not included in the echocardiographic study, those included differed in some baseline characteristics, which, although relatively minor, may limit the generalizability Between-group comparisons are performed using a rank-sum test. A-wave indicates peak late diastolic transmitral flow velocity; BNP, B-type natriuretic peptide; E-wave, peak early diastolic tissue velocity; E′ lateral, peak early diastolic mitral annular tissue velocity at lateral mitral annulus; E′ septal, peak early diastolic mitral annular tissue velocity at septal mitral annulus; LAVi, left atrial volume indexed to BSA; LVEDD, left ventricular (LV) end-diastolic dimension; LVEDVi, LV end-diastolic volume indexed to BSA; LVEF, LV ejection fraction; LVESD, LV end-systolic dimension; LVESVi, LV end-systolic volume indexed to BSA; NT-pBNP; N-terminal pro-BNP; RV FAC, right ventricular fractional area change; and TR, tricuspid regurgitation. of these findings. Finally, clinical trials by necessity impose inclusion and exclusion criteria, and therefore these findings may not be generalizable to community-based cohorts.
Conclusions
Echocardiographic findings from the 935 patients enrolled in TOPCAT demonstrate a high prevalence of concentric LV remodeling and hypertrophy, LA enlargement, and pulmonary hypertension. In the context of existing epidemiological and clinical trial studies, these findings suggest that the TOPCAT participants represent a particularly high-risk group within the HFpEF syndrome. Similar to other published HFpEF trials, diastolic function was normal in approximately one third, highlighting the heterogeneity of the cardiac phenotype in this syndrome.
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